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A Retinal Axon Fascicle Uses Spitz, an EGF
Receptor Ligand, to Construct a Synaptic
Cartridge in the Brain of Drosophila
units of the compound eye contains eight photoreceptor
neurons (R cells) that project retinotopically to distinct
ganglion layers of the brain. The R1-R6 photoreceptors
send their axons to destinations in the lamina, where
they synapse with target neurons in a ªneurocrystallineº
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Weizmann Institute of Science array of five neuron ªcartridgeº ensembles (Braitenberg,
1967; Meinertzhagen and Hanson, 1993).Rehovot 76100
Israel It has long been known that in Drosophila and other
arthropods the development of the visual portion of the
brain depends on innervation from the compound eye
(Power, 1943; Macagno, 1979; Fischbach and Technau,Summary
1984). In the case of the lamina, this dependence is due
to a direct coupling of neurogenesis to the arrival ofPhotoreceptor axons arriving in the Drosophila brain
retinal axons from the eye (Selleck and Steller, 1991).organize their postsynaptic target field into a precise
As R cell differentiation and ommatidial assembly sweeparray of five neuron ªcartridgeº ensembles. Here we
in a posterior-to-anterior order across the eye disc epi-show that Hedgehog, an initial inductive signal trans-
thelium, the arrival of axons from each new column ofported along retinal axons from the developing eye,
ommatidial R cell clusters triggers a corresponding groupinduces postsynaptic precursor cells to express the
of lamina precursor cells (LPCs) to undergo a final cellDrosophila homolog of the epidermal growth factor
division and commence neural differentiation (Figure 1).receptor (EGFR). The EGFR ligand Spitz, a signal for
These inductive events are repeated in a stepwise fash-ommatidial assembly in the compound eye, is trans-
ion with the arrival of each new row of retinal axons,ported to retinal axon termini in the brain where it acts
resulting in a precise coordination of neural develop-as a local cue for the recruitment of five cells into a
ment between the eye and brain.cartridge ensemble. Hedgehog and Spitz thus bring
An initial inductive signal delivered to the brain byabout the concerted assembly of ommatidial and syn-
retinal axons is the secreted product of the hedgehogaptic cartridge units, imposing the ªneurocrystallineº
gene (hh; Huang and Kunes, 1996; reviewed by Ham-order of the compound eye on the postsynaptic target
merschmidt et al., 1997). HH is expressed in the eye byfield.
photoreceptor cells as they differentiate posterior of the
morphogenetic furrow (Lee et al., 1992) and is a signalIntroduction
for anterior cells to enter the pathway of photoreceptor
cell determination (reviewed by Heberlein and Moses,Axons not only detect environmental signals that guide
1995). On their arrival in the brain, the retinal axonsthem to their proper destinations, but may emit signals
deliver HH to the LPCs (Huang and Kunes, 1998), whichthat are used to impose order on their postsynaptic
triggers their initial steps of neurogenesis. HH is thus atarget fields. For instance, motor axons arriving at the
molecular link between eye and brain development.muscle carry molecules, Agrin and ARIA, that promote
Within the lamina target field, an ommatidial axonthe establishment of the neuromuscular synapse (re-
fascicle elicits the stepwise formation of a five-cell syn-viewed by Burden, 1998). Olfactory sensory axons are
aptic cartridge ensemble (Figures 1C and 1D; Meinertz-thought to organize the olfactory bulb into glomeruli
hagen and Hanson, 1993). HH alone is not sufficient forensembles that mediate responses to distinct sensory
this cartridge assembly process, which depends on thecues (Oland and Tolbert, 1987; Graziadei and Monti-
presence of retinal axons. Here we show that HH in-Graziadei, 1992). The chick tectum requires the arrival of
duces LPCs to express the Drosophila homolog of theganglion cell axons from the eye to establish its mature
epidermal growth factor receptor (EGFR; Price et al.,architecture (Kelly and Cowan, 1972; Yamagata et al.,
1989; Schejter and Shilo, 1989), whose activity is both1995). These and other observations suggest that sig-
necessary and sufficient for cartridge neuron differentia-nals from axons to the constituents of their target fields
tion. The EGF receptor ligand Spitz (SPI), a signal forare part and parcel of the mechanisms for generating
ommatidial assembly in the compound eye (Freeman,precise neural circuitry.
1994, 1996; Tio et al., 1994; Tio and Moses, 1997), isThe visual system of Drosophila offers a unique oppor-
transported to retinal axon termini in the brain where ittunity to investigate these kinds of axon±target interac-
acts locally to construct a cartridge unit. Hedgehog andtions. The Drosophila visual system is a complex and
Spitz thus bring about the concerted assembly of omma-finely ordered structure composed of tens of thousands
tidial and lamina cartridge units, setting the stage forof neurons and glia (reviewed by Meinertzhagen and
the establishment of precise synaptic circuitry.Hanson, 1993). It consists of the compound eyes and the
optic ganglia, which are the visual processing centers of
the brain. Each of the approximately 750 ommatidial Results
Lamina differentiation occurs in a temporal order on the³ To whom correspondence should be addressed (e-mail: kunes@
fas.harvard.edu). anteroposterior axis of the lamina primordium (Figure
Cell
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Figure 1. The Developing Eye and Brain at the Third Instar Larval Stage
(A and B) The visual system from the lateral perspective. Photoreceptor cells in the eye disc commence neural differentiation at the morphoge-
netic furrow (mf), which moves in a posterior-to-anterior direction at this stage. The eight axons of an ommatidial R cell cluster navigate as
a fascicle through the optic stalk (os) into the brain. Shown schematically in (A) are three of the z500 R cell clusters present at this time. The
R1-R6 axons terminate at retinotopic destinations in the lamina target field (blue color in [A]). At the crescent-shaped lamina furrow (lf), recently
arriving retinal axons trigger lamina precursor cells (LPCs) to undergo a terminal division and express early differentiation markers (such as
Dachshund; blue color). A subset of postmitotic LPCs undergo neuronal differentiation, giving rise to cartridge ensembles at the posterior of
the lamina (red circles). The confocal micrograph in (B) shows postmitotic LPCs in the lamina labeled to detect DAC (blue color), lamina
cartridge neurons (aELAV staining; red color), and photoreceptor cells, their axons, and other neuronal cell membranes (labeled by aHRP;
green color). The cartridge neurons, expressing both DAC and ELAV, are the pink cells among the retinal axons at the posterior of the lamina
target field. Anterior is to the left, dorsal up. lob, lobula complex. Scale bar in (B) is 24 mm.
(C and D) The visual system from the horizontal perspective. The eye and lamina display a temporal gradient of development on their
anteroposterior axes. In (C), three ommatidia represented at different anteroposterior positions in the eye disc send their axons through the
os to corresponding anteroposterior positions in the lamina, where the R1-R6 axons terminate. LPCs undergo their terminal division at the
posterior margin of the lf and initiate their expression of early markers such as DAC (blue color). Within the lamina, postmitotic LPCs are
organized into columns in precise register with the axons that regulate their differentiation. At the anterior, the differentiation of the first
L-neuron (probably L1) is indicated by the onset of ELAV expression (red color). In more posterior columns, additional L-neurons join the
fascicle-associated column. At the posterior of the lamina, complete cartridge ensembles form two layers, with L1-L4 localized superficially
and L5 in a deep layer near the R1-R6 growth cone termini. The confocal micrograph in (D) shows DAC-positive postmitotic LPCs (blue color)
and ELAV-positive cartridge neurons (red staining; coexpression of ELAV and DAC yields a pink color). The DAC-positive LPCs form vertical
columns sandwiched between retinal axon fascicles (labeled by aHRP; green color). An arrow marks the position of the lamina furrow. An
arrowhead marks the most recently arriving retinal axon fascicle at the anterior of the lamina target field. Anterior is to the left, lateral up.
Scale bar in (D) is 12 mm.
1). Each new row of retinal axons that enters the brain 1994; Huang and Kunes, 1996). A subset of the postmi-
totic neuronal precursors are recruited into cartridgetakes up more anterior retinotopic positions and induces
a more anterior population of LPCs to enter S phase and ensembles, which is indicated by their expression of
the marker ELAV (Figure 1D; Selleck and Steller, 1991;initiate neural differentiation. The interaction between
newly arriving retinal axons and LPCs occurs at a mor- Huang and Kunes, 1996). The assembly of a cartridge
occurs in a temporal and cell type±specific sequence,phological indentation known as the lamina furrow,
where the axons come into the close proximity of LPCs with the L1 neuron apparently the first to join the fasci-
cle-associated cell cluster (Meinertzhagen and Hanson,(Figures 1C and 1D). The initial steps of lamina neuro-
genesis include the entry of G1-phase LPCs into S phase 1993). Complete ensembles at the posterior of the lam-
ina in the late third instar animal harbor L1-L4 in a super-(Selleck et al., 1992) and the expression of a number of
cell type±specific markers, including the nuclear protein ficial layer and L5 in a layer adjacent to the R1-R6 axon
termini (Figures 1C and 1D).Dachshund (DAC; Figures 1B and 1D; Mardon et al.,
Spitz and Synaptic Cartridge Assembly in Drosophila
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Figure 2. Retinal Axons Provide a Local Cue for Cartridge Neuron Differentiation and EGF Receptor Activation
(A±C) A lateral view of an so1 specimen in which ommatidial R cell clusters have formed only in the ventral portion of the eye disc. The
specimen shown in (B) and (C) is depicted schematically in (A). The photoreceptor cells (red color in [A]; stained in [B] and [C] by aELAV [red
color], aHRP [green color], and aDAC [blue color]) send their axons through the optic stalk (os) into the lamina, where they project to appropriate
ventral locations (the dorsoventral midline is marked by a black bar in [B] and [C]). Lamina differentiation, indicated by the expression of DAC
and ELAV, is restricted to the ventral region that receives innervation. The high magnification view in (C) reveals that cartridge neuron
differentiation (pink cells) is restricted to the immediate vicinity of the retinal axon fascicles (between the arrowheads).
(D±F) hh2 retinal axons induce cartridge neuron differentiation locally in animals in which hh1 has been supplied ectopically in the brain. The
inactivation of hh1 at 84 hr AEL in a hhts2 animal results in an arrest of morphogenetic furrow (mf) progression at the posterior of the eye disc,
as shown schematically in (D). In (E), a small group of hh2 retinal axons (aHRP; green color) has innervated the dorsal portion of a large
DAC-positive cell population induced by a flp-out P[Tuba1.y1,CD2.hh1] clone (blue color; shown schematically in [D]). Cartridge neuron
differentiation (indicated by ELAV expression [red color]) is restricted to the immediate vicinity of retinal axon fascicles (between the arrowheads).
In (F), a similar specimen is stained to reveal AOS expression (blue color). AOS expression (shown alone in the inset) is seen as punctate
extracellular staining associated with the ELAV-positive cells.
lf, lamina furrow; lon, larval optic nerve; ed, eye disc; lob, lobula. Anterior is to the left, dorsal up. Scale bar in (B) is 30 mm. Scale bar in (C),
for (C), (E), and (F), is 12 mm.
Retinal Axons Provide a Local Cue for Cartridge permits retinal axons lacking hh1 activity to arrive in
the brain (Huang and Kunes, 1996). Since it takes aboutNeuron Differentiation and EGF
Receptor Activation 9 hr (at 258C) for retinal axons to traverse the path
from the eye to the brain, a conditional hh allele, hhts2,In the mutant sine oculis, where only a few ommatidia
may form in the eye disc, lamina development is re- was used to inactivate HH after the initial induction of
a small number of R cell clusters at the posterior of thestricted to the immediate vicinity of the small number
of axons that grow into the lamina target field (Figures eye field (Figure 2D). Upon their arrival in the brain, the
axons from these photoreceptors lack the ability to induce2A±2C; Selleck and Steller, 1991). The reduced arrays of
retinal axons in these animals induce a proportionately any of the HH-dependent events of lamina neurogene-
sis (e.g., Figure 3B). These events can, however, be in-reduced field of DAC-positive cells. A subset of these
cells express the neuronal marker ELAV (arrowheads in duced by the ectopic expression of hh1 from the flp-out
P[Tuba1.y1,CD2.hh1] transgene (Zecca et al., 1995).Figure 2C). We have previously shown that the onset of
DAC expression is under the control of HH and that A hhts2 animal harboring the P[Tuba1.y1,CD2.hh1] and
P[hsFLP] (Golic and Lindquist, 1989) transgenes wasneuronal differentiation (as indicated by ELAV expres-
sion) involves a distinct signal (Huang and Kunes, 1996). subjected to mild heat shock in the first instar stage
(27 hr after egg laying [AEL]; times normalized to growthWe sought to address the question of whether the puta-
tive signal for neuronal differentiation is restricted to the at 258C) to generate a low frequency of large hh1
clones. After permissive growth at 188C, the animalsimmediate vicinity of a retinal axon fascicle.
To this end, we examined the effects of a small number were shifted to the restrictive temperature at 84 hr AEL
to arrest morphogenetic furrow progression; conse-of hh2 retinal axon fascicles that enter a large field a
postmitotic LPCs that were induced by the ectopic ex- quently, only a few retinal axon fascicles entered the
lamina target field. When such axon fascicles entered apression of hh1 in the brain. We utilized a strategy that
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large field of postmitotic LPCs induced by a hh1 somatic flp-out activation of the P[Tuba1.y1,CD2.hh1] trans-
gene. As shown in Figure 3C, postmitotic (DAC-positive)clone (Figures 2D and 2E; data not shown), ELAV-posi-
tive cells were found only in the immediate vicinity of LPCs induced by ectopic hh1 express the EGF receptor
in its normal anterior-to-posterior gradient. These obser-retinal axon fascicles (Figure 2E, between the arrow-
heads; 12 specimens examined). vations indicate that HH is both necessary and sufficient
for the onset of EGF receptor expression in the lamina.This local inductive effect was also observed for the
expression of the argos gene (aos; Figure 2F). aos is a
direct transcriptional target of EGF receptor activation EGF Receptor Activity Controls Cartridge
Neuron Differentiation(Golembo et al., 1996a) and encodes a secreted EGF-
like product (Freeman et al., 1992; Kretzschmar et al., The notion that EGFR activity might play a role in car-
tridge neuron differentiation is suggested by the ob-1992; Okano et al., 1992) that can act as a negative
regulator of EGFR signaling (Schweitzer et al., 1995a). servation that ELAV expression in prospective L1-L5
neurons coincides with the expression of aos, a tran-In the lamina, AOS displays a punctate distribution sur-
rounding the ELAV-positive cartridge cells (see Figure scriptional target of EGFR activation in many tissues
(Golembo et al., 1996a). To determine whether EGF re-6C). As in the case of ELAV, hh1 is not sufficient to
induce AOS expression in the absence of retinal axons ceptor activity is required for cartridge neuron differenti-
ation, we utilized a dominant-negative form of the EGF(not shown). As shown in Figure 2F, hh2 retinal axons
induced AOS expression in the vicinity of ELAV-positive receptor (DN-EGFR; Freeman, 1996; O'Keefe et al., 1997)
to block EGFR signal reception. In the developing eye,cells in a field of postmitotic LPCs induced by ectopic
hh1 activity (Figure 2F, area between arrowheads; eight strong ectopic expression of DN-EGFR prevents the for-
mation of ommatidial cell clusters (Freeman, 1996). Thisspecimens examined). Retinal axons thus appear to har-
bor a locally acting neuronal differentiation signal that effect of DN-EGFR is suppressed by a wild-type EGFR
transgene, consistent with the notion that the truncatedis distinct from HH. The local induction of AOS suggests
that this signal may act via the EGF receptor. receptor acts by interfering with EGFR signal reception.
We employed a ªlateº flp-out strategy (Golic and Lind-
quist, 1989; Basler and Struhl, 1994; Pignoni and Zipur-HH Induces EGF Receptor Expression
in the Lamina Target Field sky, 1997) to induce widespread DN-EGFR expression
in the early third instar stage (96 hr AEL). Animals harbor-The Drosophila homolog of the EGF receptor is strongly
and specifically expressed by LPCs within the lamina ing the P[UAS-DN-EGFR], P[hsp70FLP], and P[Tub.
CD2.GAL4] transgenes were subjected to strong heattarget field (Figure 3A; Kammermeyer and Wadsworth,
1987; Zak and Shilo, 1992). The onset of EGF receptor shock conditions to induce the flp-out activation of
GAL4 expression. This would be expected to drive DN-expression coincides with the terminal division of LPCs
at the lamina furrow and the appearance of early markers EGFR expression in a large proportion of lamina cells.
DN-EGFR expression was thus timed to permit imaginalsuch as DAC. EGF receptor immunoreactivity is found
at higher levels among the older LPCs at the posterior cell proliferation (Xu and Rubin, 1993) and the formation
of photoreceptor clusters at the posterior of the eye.of the lamina.
The expression of the EGF receptor in the lamina de- Indeed, under these conditions an essentially normal
array of photoreceptor axons innervated the lamina tar-pends on retinal innervation and is not detected in mu-
tant animals, such as eyes absent (eya), which lack get field (Figure 3E) and induced an apparently normal
field of DAC-positive LPCs (Figure 3E; blue color). How-photoreceptor cells (not shown). To determine whether
EGFR expression depends on retinal axon±borne HH, ever, ELAV-positive cells were absent from the lamina
in these animals (Figure 3E; red color; ten specimenswe employed the strategy described above to permit
hh2 retinal axons to grow into the lamina target field. hhts2 examined). Large DN-EGFR-expressing somatic clones
produced in early flp-out events also lacked ELAV-posi-animals were shifted to the nonpermissive condition in
the early third instar (90 hr AEL), a time at which the first tive cells when they included the lamina target field (not
shown). These observations indicate that EGFR signalseveral columns of ommatidia have been induced at the
posterior of the eye imaginal disc. The animals remained reception is required for cartridge neuron differentiation
but not for the early steps of lamina development thatat the restrictive temperature until the late third instar
(24±36 hr later), when their visual ganglia were examined are under HH control.
To determine whether EGF receptor activity is suffi-for lamina differentiation. Retinal axons grow into the
lamina target field in a relatively normal pattern in these cient for cartridge neuron differentiation, we utilized an
ªactivatedº form of the receptor, l-EGFR (Queenan etanimals but fail to induce HH-dependent events such
as the onset of DAC expression (Figure 3B; Huang and al., 1997). The ªlateº flp-out strategy employed above
was used to induce widespread l-EGFR expressionKunes, 1996). EGFR immunoreactivity was absent from
the lamina target field in these animals (Figure 3B; 14 from the P[UAS-l-EGFR] transgene at the mid±third in-
star stage (100 hr AEL). Among animals dissected in latespecimens examined).
That HH is sufficient for the onset of EGFR expression third instar, a greatly enhanced proportion of the DAC-
positive LPCs were ELAV-positive (Figure 3G; 14 speci-was determined by ectopically expressing hh1 in the
brain of an ªeyelessº animal. R cell differentiation was mens examined). The region harboring ELAV-positive
cells, normally confined to the posterior two-thirds ofblocked by the eya1 mutation (not shown) or by main-
taining hhts2 animals at the nonpermissive temperature the lamina at this stage, expanded to include more ante-
rior cells adjacent to the lamina furrow. In addition, manyfrom a time point in early larval development (Figure
3C). Ectopic hh1 expression was induced by the late DAC-positive cells located between the L1-L4 and L5
Spitz and Synaptic Cartridge Assembly in Drosophila
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Figure 3. EGF Receptor Expression in the Lamina Is Induced by HH; EGFR Activity Is Both Necessary and Sufficient for Cartridge Neuron
Differentiation
(A±C) EGF receptor expression in the visual systems of wild-type (A), hhts2 (B), and ªeyelessº animals with ectopic hh1 expression (C). In the
wild type, EGFR expression (aEGFR staining in red color in [A±C], shown exclusively in [A9±C9]) is observed in the eye disc (ed) and at high
levels in the lamina (pink color in [A] due to labeling with both aEGFR and aDAC [blue color]). In a hhts2 animal (B and B9) shifted to the
nonpermissive at 94 hr AEL to generate hh2 retinal axons (revealed by aHRP staining, green color), neither DAC nor EGFR expression is
detected in the lamina target field. EGFR expression remains detectable in the eye disc. In (C), ommatidial differentiation was prevented by
shifting a hhts2 animal to the nonpermissive temperature in the first instar stage (27 hr AEL; eye disc not shown). Lamina differentiation (indicated
by DAC expression, blue color) was induced by the late flp-out induction of hh1 expression from the P[Tuba1.y1,CD2.hh1] transgene. EGFR
expression (shown exclusively in [C9]) is stronger among the DAC-positive LPCs at the posterior of the lamina (lf, lamina furrow). lob, lobula.
Scale bar in (A), for (A±C), is 24 mm.
(D±F) Cartridge neuron differentiation in the wild type (D) and with the expression of transgenes encoding a dominant-negative (DN-) (E) and
activated (l-) (F) EGF receptor. In all three panels, postmitotic LPCs are shown in blue (DAC staining), cartridge neurons in red (aELAV staining),
and retinal axons and other neuronal membranes in green (aHRP staining). In the wild type (D), cartridge neurons (pink color) are found at
the posterior of the lamina. In an animal (E) in which strong late flp-out activation of P[Tub.CD2.GAL4] drives the expression of the P[UAS-
DN-EGFR] transgene, cartridge neuron differentiation fails to occur, as indicated by the absence of ELAV-positive cells. However, retinal
innervation and DAC expression appear normal. In an animal (F) in which the late flp-out activation of P[Tub.CD2.GAL4] drives the activated
EGFR construct P[UAS-l-EGFR], cartridge neurons are observed throughout a large portion of the lamina target field. In all panels, anterior
is to the left, dorsal is up. Scale bar in (D), for (D±F), is 18 mm.
layers, cells normally destined for elimination by apopto- 1996; Tio et al., 1994; Tio and Moses, 1997). SPI is ex-
sis, underwent neuronal differentiation as indicated by pressed initially by the R8 cell and later by additional
their expression of ELAV (not shown; for example, see cells as they join the ommatidial unit. As shown in Figure
Figure 6B). Thus, EGF receptor activity is both necessary 4A, SPI antigen is found on retinal axons as they project
and sufficient for cartridge neuron differentiation. into the lamina (see also Tio and Moses, 1997). With
either of two antibodies that specifically recognize the
N-terminal portion of SPI, immunoreactivity was de-Spitz Is Transported along Retinal Axons
tected in the photoreceptor cell clusters of the eye andfrom the Eye and Triggers Cartridge
along their axons in the optic stalk and brain. WithinNeuron Differentiation in the Lamina
the developing lamina, SPI was found on retinal axonIn the developing eye, the EGFR ligand Spitz is required
fascicles immediately adjacent to ELAV-positive car-for the differentiation of all ommatidial cell types, with
the exception of the founding R8 cell (Freeman, 1994, tridge neurons (not shown). SPI expression was not
Cell
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Figure 4. Spitz, Synthesized in the Eye, Is
Transported along Retinal Axons into the
Brain
The visual systems of wild-type (A) and
spiSCP2/spi0E92 animals (B) stained with a rat
monoclonal aSPI antibody, which recognizes
the extracellular portion of SPI. In the wild
type, SPI antigen is detected in R cell clusters
posterior of the morphogenetic furrow (indi-
cated by a vertical white bar) in the eye disc
(ed). SPI antigen is detected on retinal axons
in the optic stalk (os) and in the lamina. SPI
antigen is also detected on the larval optic
nerve (lon). In the spiSCP2/spi0E92 specimen (B),
SPI expression is greatly diminished.
detected in any lamina cell population at this stage. cells per ommatidial unit, consistent with the spi require-
ment observed in somatic clones (Figure 5B, left panel;Importantly, SPI immunoreactivity was greatly reduced
or absent in a spi hypomorphic background in which Tio and Moses, 1997). In the lamina, most animals dis-
played a relatively normal crescent-shaped pattern ofretinal axons lack the ability to induce cartridge neurons
(Figure 4B; see below). SPI is thus present at the right retinal axon projections into a field of DAC-positive
LPCs. However, ELAV-positive cells were either absenttime and place to be an EGFR-activating ligand required
for cartridge neuron differentiation. or greatly reduced in number in a large fraction of these
animals, depending on the combination of spi allelesWe initially employed mosaic analysis to determine
whether spi1 is required for cartridge formation. Somatic (Figures 5D and 5E, right panels; spiSCP2/spiT25, 55/167
specimens; spiSCP2/spiOE92, 24/44 specimens; spiSCP2/clones homozygous for the embryonic lethal alleles
spiT25 or spiOE92 that included large regions of the lamina spiA14, 56/75 specimens). Thus in the spi loss-of-function
backgrounds, the early HH-dependent events of laminatarget field displayed a normal pattern of ELAV-positive
cells, though subtle changes in the number of ELAV- neurogenesis appeared to occur normally, but the differ-
entiation of cartridge neurons often failed to occur.positive cells could not be ruled out (not shown). The
limited range of SPI diffusion, 3±4 cell diameters in the If spi1 activity in the eye is sufficient for cartridge
neuron differentiation in the lamina, restoring spi1 ex-case of the eye (Freeman, 1997), renders it unlikely that
spi function in large clones would be fully rescued by pression specifically to the R cells should rescue car-
tridge neuron differentiation in the spi animals. Theadjacent wild-type cells. Hence, spi1 is apparently not
required within the lamina. Homozygous spi clones in strong eye-specific GAL4 driver P[GMR-GAL4] was in-
troduced into the spiSCP2/spiT25 and spiSCP2/spiOE92 back-the eye disc contained only isolated R8 neurons (Figure
5B, left panel), as reported by Tio and Moses (1997). The grounds. With the presence of both the P[GMR-GAL4]
and P[UAS-spi1] transgenes, the induction of ELAV-pos-Spi2 R8 axons often projected to appropriate retinotopic
positions in the lamina and, based on the induction of itive cells in the lamina was observed in all specimens
(Figure 5F, right panel; spiSCP2/spiT25, 49/49 specimens;DAC (not shown), delivered sufficient HH to trigger early
LPC maturation. ELAV-positive cells were absent from spiSCP2/spiOE92, 56/56 specimens). As an additional ap-
proach, the flp-out P[Tub.CD2.GAL4] transgene wasthese regions (arrowhead in Figures 5A and 5B, right
panels). However, since these incomplete fascicles har- utilized to produce marked GAL4-positive, CD2-nega-
tive somatic clones in spi animals harboring the UAS-bor only R8 axons, we cannot conclude on this basis that
spi1 is required in the eye for lamina cartridge formation. spi1 transgene. The cells within these clones would be
expected to express the UAS-spi1 transgene at highWe thus sought to modulate spi1 expression so as to
permit the formation of relatively normal ommatidial R levels. In the spiSCP2/spiT25 background, cartridge neuron
differentiation in the lamina was associated with thecell clusters whose axons might lack spi1 activity. We
constructed strains in which the early lethality of a spi presence of GAL41 clones in the eye. GAL41 clones in
the lamina were often ELAV-negative (data not shown).background was rescued by the expression of a spi1
transgene under the temperature-dependent hsp70 pro- Thus, consistent with the mosaic analysis described
above, the ectopic expression of spi1 revealed that spi1moter. Under conditions of elevated temperature (see
Experimental Procedures), animals heterozygous for the is required in the eye for the differentiation of cartridge
neurons in the lamina.hypomorph spiSCP2 (Tio et al., 1994) and one of the embry-
onic lethal alleles spiT25, spiOE92, or spiA14 (NuÈ sslein-Vol-
hard et al., 1984; Contamine et al., 1989) developed SPI Is Sufficient for Cartridge
Neuron Differentiationnormally until the beginning of the third instar stage. The
animals were then shifted to lower temperature (z228C) SPI is synthesized as a transmembrane molecule (Rut-
ledge et al., 1992) whose signaling activity appears tosoon after the onset of ommatidial assembly to reduce
their expression of spi1. When examined at late third be regulated by proteolytic processing (Schweitzer et
al., 1995b). An artificially truncated form of SPI (secretedinstar larval stage, these animals displayed relatively
normal ommatidial development at the posterior of the SPI, sSPI), containing most of the extracellular portion
of the molecule, has been shown to activate the EGFeye imaginal disc (Figures 5D and 5E, left panels). More
anterior columns had abnormally few photoreceptor receptor both in vivo and in cell culture (Schweitzer et
Spitz and Synaptic Cartridge Assembly in Drosophila
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Figure 5. spi1 Is Required in the Eye for Cartridge Neuron Differentiation in the Lamina
(A and B) Analysis of spiT25 mosaic animals. A spi clone in the ventral portion of the eye disc (outlined schematically in [A]) is associated with
the absence of cartridge neurons in the retinotopically corresponding portion of the lamina (indicated by the arrowhead in the blue lamina
target field in [A]). In (B) (left panel), the spi clone in the eye is marked by the absence of the P[arm-lacZ] marker (a-b-galactosidase staining
in blue; clonal boundary indicated by white outline). The area within the clone harbors primarily R8 cells (aELAV staining, red color). In the
brain ([B], right panel), cartridge neurons (aELAV staining, red color) are present only in the dorsal lamina target field, which is innervated by
spi1 axons. The ventral portion of the lamina (indicated by an arrowhead) lacks cartridge neurons. In (A) and (B), a black horizontal bar marks
the brain's dorsoventral midline. Scale bar in (B), left panel, for ([B±F], left panels), is 24 mm. Scale bar in (B), right panel, for ([B±F], right
panels), is 20 mm.
(C±F) Ommatidial assembly in the eye and cartridge neuron differentiation in the lamina were monitored in the wild-type (C), spiSCP2/spiT25 (D),
spiSCP2/spiA14 (E), and spiSCP2/spiT25 animals with specific spi1 expression in R cells (F). The wild-type eye disc ([C], left panel) displays a regular
array of R cell clusters (aELAV staining, red color) posterior of the morphogenetic furrow (indicated by a vertical bar in [C±F]). Their axons
induce ELAV expression in the DAC-positive (blue color) lamina target field ([C], right panel). In the spi hypomorphs (D and E), which were rescued
to the early third instar stage by ectopic spi1 expression from the P[hsGAL4] and P[UAS-spi1] transgenes (see Experimental Procedures), some
irregularity is observed in the eye ([D and E], left panels), particularly in anterior columns, but most posterior columns contain a normal R cell
complement. In a significant proportion of these animals (see the text), cartridge neuron differentiation (indicated by the expression of ELAV)
fails to occur ([D and E], right panels). The early marker DAC (blue color) is induced normally. In (F), the presence of the P[GMR-GAL4] eye-
specific driver rescues cartridge neuron differentiation in the spi background.
lf, lamina furrow. lob, lobula. In all panels, anterior is to the left, dorsal is up.
al., 1995b; Freeman, 1996; Golembo et al., 1996b). In shock induction of P[UAS-sSpi] produced only modest
effects on eye development. The short period prior tothe developing eye, ubiquitous expression of sSPI in-
duces the differentiation of ommatidial precursors with- dissection did not permit ectopic R cell induction to
affect the pattern of retinal axon ingrowth (compare Fig-out their assembly into ommatidial cell clusters (Free-
man, 1996). We sought to determine whether sSPI ures 6A and 6B). In the wild type, ELAV-positive cells
are confined to two layers in the posterior two-thirds ofexpression would likewise trigger ectopic neuronal dif-
ferentiation within the lamina. the lamina (Figure 6A). Between the L-neuron layers lie
ELAV-negative cells that are destined for elimination byWe expressed a P[UAS-sSpi] transgene under the
control of a hsp70-GAL4 driver. Mid±third instar animals apoptosis. In the animals with sSPI expression, nearly all
of the DAC-positive LPCs were ELAV-positive, includingharboring the two transgenes were subjected to moder-
ate heat shock conditions (348C for 9 hr) and then dis- those at the anterior of the lamina adjacent to the lamina
furrow (Figure 6B; 23 specimens examined). In the wildsected for analysis by immunohistochemistry. This heat
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Figure 6. The Expression of an Active SPI
Fragment, sSPI, Induces Ectopic Neuronal
Differentiation in the Lamina
(A and B) Cartridge neuron differentiation in
the lamina of the wildtype (A, A9) and animals
expressing a truncated ªactiveº SPI frag-
ment, sSPI (B, B9). Expression of sSPI was
induced in animals harboring the P[UAS-sSpi]
and P[hsGAL4] transgenes by moderate heat
shock conditions (348C for 9 hr) immediately
prior to dissection. In the wild type (A, A9),
ELAV-positive cells (red color; shown alone
in A9) are found in two layers (L1-L4 and L5)
only in the posterior two-thirds of the lamina
at this stage. In animals dissected immedi-
ately after heat shock treatment (B, B9), nearly
all of the DAC-positive cells (blue color) in
each fascicle-associated column are ELAV-
positive (shown alone in B9), including cells
at the very anterior of the lamina.
(C and D) Expression of sSPI induces ectopic
Argos expression in the lamina. In the wild
type (C), AOS (blue color) is detected as punc-
tate staining surrounding the ELAV-positive
cartridge neurons (red color). The expression
of aos in cartridge neurons was confirmed by
examining nuclear localized b-galactosidase
expression in an aos enhancer trap line (not
shown). In a specimen in which ectopic neu-
ronal differentiation has been induced by
sSPI, AOS antigen is detected throughout the
lamina target field, including LPCs at the an-
terior adjacent to the lamina furrow.
(E and F) Expression of sSPI induces ectopic
L5 neurons. The differentiation of L5 neurons
was monitored by their expression of brain-
specific homeobox (BSH; blue color). In the
wild type (E), L5 neurons differentiate in a
single medial layer (pink staining due to the
expression of both BSH and ELAV [red color]).
Ectopic sSPI expression (F) under the condi-
tions described above induces ectopic neu-
ronal differentiation throughout the lamina
target field. BSH-positive (pink) cells occupy
a 3±4 cell thick medial layer adjacent to the
R1-R6 axon termini. os, optic stalk.
In all panels, anterior is to the left, lateral is
up. Scale bar in (A), for (A±F), is 12 mm.
type, AOS is detected as punctate staining surrounding elimination by apoptosis or that undergo neuronal differ-
entiation precociously can assume a proper L-neuronthe ELAV-positive cells (Figure 6C). In animals with sSPI
expression, AOS was detected throughout the lamina identity. In sum, these data indicate that spi1 activity is
sufficient for the onset of cartridge neuron differentiationprimordium, coincident with the distribution of ectopic
ELAV-positive cells (Figure 6D; eight specimens ex- in the lamina.
amined).
To determine whether these ectopic neurons included Discussion
a bona fide L-neuron cell type, the specimens were
stained with an antibody against the brain specific ho- The photoreceptor cells of the compound eye and the
neurons of their postsynaptic target field, the lamina, aremeobox (BSH) protein (Jones and McGinnis, 1993). BSH
expression is an early marker of L5 differentiation (S. assembled in synchrony into ommatidial and cartridge
units during the late larval and early pupal stages. AsPerez and H. Steller, personal communication) and coin-
cides with the onset of ELAV expression in a single photoreceptor precursors join an ommatidial unit, post-
synaptic precursors join an ommatidial axon fascicle inmedial layer in the posterior two-thirds of the lamina
(Figure 6E). With the expression of sSPI as described a cartridge ensemble within the lamina. We have shown
that eye and lamina development are coordinately regu-above, ectopic BSH-positive neurons were found
throughout the three medial cell layers of the lamina lated by the sequential activity of two signaling mole-
cules, Hedgehog and Spitz, that are expressed by pho-(Figure 6F). These included cells at the anterior of the
lamina, where BSH-positive cells are not seen in the toreceptor cells and transmitted along their axons into
the brain (Figure 7).wild type. Thus, LPCs that are normally destined for
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lamina. These observations support the conclusion that
retinal axons provide SPI to the brain, where its activa-
tion of the EGF receptor triggers cartridge neuron differ-
entiation.
SPI is apparently synthesized as a transmembrane
molecule that lacks signaling activity (Rutledge et al.,
1992: Schweitzer et al., 1995b). It is ubiquitously ex-
pressed in a number of tissues; activity is thought to be
regulated by proteolytic processing. A fragment con-
taining most of the extracellular portion of the molecule
is apparently the EGFR-activating moiety (SchweitzerFigure 7. Signaling Pathway for Lamina Cartridge Assembly
et al., 1995b). We observed that the native product isOn their arrival in the brain, retinal axons deliver HH, whose activity
sufficient for cartridge neuron differentiation when ex-is required for several events, including the onset of EGF receptor
expression, that render LPCs competent for cartridge neuron differ- pressed in the eye but not when expressed in the lamina
entiation. Retinal axons provide the EGF receptor ligand Spitz, which (Figure 5 and data not shown). The ªactiveº SPI frag-
triggers the differentiation of cartridge neurons in association with ment, on the other hand, induced ectopic cartridge neu-
each ommatidial fascicle. This local activity of each fascicle results
ron differentiation (Figure 6). Thus, we suppose that pho-in a precise match of ommatidial and cartridge units.
toreceptor cells, but not lamina cells, can produce an
active SPI isoform. Our immunohistochemical localiza-
In the eye, Hedgehog acts in a global fashion, regu-
tion of SPI with antibodies that recognize the N-terminallating several processes in a morphogenetic program
portion of the molecule (Figure 4) does not rule out thethat moves ommatidial assembly across the anterior±
possibility that the full-length molecule is transportedposterior axis of the eye primordium (reviewed by He-
into the brain. Thus, it remains possible that SPI is pro-berlein and Moses, 1995). Spitz, on the other hand, ap-
cessed to an active form either prior to transport or atpears to act locally in the definition of an ommatidial
retinal axon termini. In the former case, it may be thatunit (Freeman, 1994, 1996; Tio et al., 1994; Tio and Mo-
ªactiveº molecules from the pool utilized in ommatidialses, 1997). In an analogous fashion, HH acts as an initiat-
assembly are targeted to retinal axon termini to partici-ing signal in the lamina, yielding precursors that are
pate in lamina cartridge assembly.competent for recruitment into cartridge units (Huang
In neither the eye nor the lamina does the apparentand Kunes, 1996). Significantly, HH induces the expres-
role of SPI as a ªcommon currencyº for differentiationsion of the EGF receptor, whose activity is both neces-
account for the specification of distinct cell types (re-sary and sufficient for cartridge neuron differentiation
viewed in Freeman, 1997). Particular levels of EGF re-(Figure 3).
ceptor activation may specify different cell types, or aOur observations, along with microscopic studies
temporal mechanism may impart different outcomes to(Meinertzhagen and Hanson, 1993), implicate the omma-
the reception of the same signal. Alternatively, the deter-tidial axon fascicle as the founder of a lamina cartridge
minants of cell identity may be other environmental sig-ensemble. In the mutant sine oculis, where only a few
nals, perhaps involving stereotyped cell±cell contactsommatidia may form in the eye disc, lamina develop-
as originally proposed for the eye (Tomlinson and Ready,ment is restricted to the immediate vicinity of the small
1987). Electron microscopic studies have documentednumber of axons that grow into the lamina target field
stereotyped interactions between retinal axon fascicles(Figure 2; Selleck and Steller, 1991). By examining the
and neuronal precursors in the lamina (Meinertzhageneffects of hh2 retinal axons, we found that a retinal axon
and Hanson, 1993). The expression of the ªactiveº SPIfascicle provides a short-range neuronal differentiation
fragment induced ectopic neurons in the three mostsignal, distinct from HH, that appears to act within 1±2
medial layers of the lamina that assumed the L5 identity,cell diameters. The neuronal fate is thus not the product
while more lateral neurons assumed other fates (Figureof the locally high HH concentration that might occur in
6). Thus, a signal with differential activity on the medial±the vicinity of an axon fascicle. It would instead appear
lateral axis might be responsible for the L5 fate. Thisto reflect the activity of a second signal. The local induc-
signal might be delivered by retinal axons and differen-tion of the EGFR target gene argos by retinal axon fasci-
tially distributed at axonal endings, or target field cellscles (Figure 2) suggests that this signal is a ligand for
such as the epithelial glia that lie just medial to thethe EGF receptor.
prospective L5 cells might be the source.SPI, one of three known EGFR-activating ligands (re-
The role of an individual ommatidial fascicle as theviewed in Perrimon and Perkins, 1997), is expressed by
ªfounderº of a cartridge ensemble and the precision ofthe photoreceptor cells (Tio et al., 1994) and found on
axon pathfinding in this system (Figure 2; Kunes et al.,their axons (Figure 4; Tio and Moses, 1997). SPI is thus
1993) together serve to impose the ªneurocrystallineºpresent in the proper place and time to be the trigger
order of the compound eye on the developing postsyn-for cartridge neuron differentiation. Indeed, our observa-
aptic field. This mechanism yields a precise numericaltions indicate that spi1 gene function in the eye is re-
match of ommatidial and cartridge units. The compo-quired for cartridge neuron differentiation to occur in
nent axons of an ommatidial fascicle might additionallythe brain. SPI2 retinal axons (Figure 4), though able to
make important individual contributions to the specifica-induce the HH-dependent events of lamina neurogen-
tion of the number and type of postsynaptic cells in aesis, failed to induce cartridge neuron differentiation
cartridge. For example, individual R axons may make(Figure 5). This phenotype was rescued by the strong
important individual contributions to the spatial andspecific expression of spi1 in the eye. Conversely, mo-
saic analysis revealed that spi1 is not required in the temporal pattern of SPI expression. A dynamic interplay
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· y, hsFLP122; P[arm-lacZ]28A, P[FRT]40A/P[y1], CyO 3 y, w/Y; spiT25between the extracellular levels of SPI and its negative
(or spiOE92), P[FRT]40A/P[y1], CyOregulator, AOS, might provide the tight localization of
spi1 activity necessary for this axon±cell signaling (see
Analysis of the spi1 Function in HypomorphsFreeman, 1997).
Larvae harboring an embryonic lethal allele (spiT25 , spiA14, or spiOE92;Following cartridge neuron differentiation, a remark-
NuÈ sslein-Volhard et al., 1984; Contamine et al., 1989), the hypomor-
able feat of ªaxon-shufflingº occurs as the six R1-R6 phic allele spiSCP2 (Tio et al., 1994), and the transgenes P[UAS-mSpi],
axons of an ommatidial fascicle separate and migrate P[hs-GAL4], and P[pGMR-GAL4] (when present) were constructed
laterally to form their synaptic connections in a set of as shown below. After hatching at 258C, the larvae were heat
shocked at either 348C (z6 hr) or 378C (z1 hr) twice daily and grownsix neighboring cartridges (Trujillo-Cenoz and Melamed,
overnight at 288C. After 94 hr AEL, the animals were maintained at1973). In the adult lamina, a synaptic cartridge thus re-
z228C until dissection at the wandering stage (z124 hr AEL). Forceives its complement of R1-R6 axons from six omma-
mosaic expression of the P[UAS-spi1] transgene, animals from the
tidial units whose axons did not contribute to its induc- cross shown below were subjected to heat shock for 30 min at 378C
tion. We suppose that the assembly of this precise at z27 hr AEL. This yields a low frequency of GAL41 clones. The
circuitry nonetheless relies on the order imposed on the animals were subsequently reared at 258C until dissection at the
wandering stage.lamina during its initial inductive phase. A test of this
The crosses were as follows (spiA14 or spiOE92 was substituted fornotion may provide a significant insight into the estab-
spiT25 where applicable):lishment of precise synaptic circuitry in this and other
systems. · spi loss-of-function analysis:
y, w, P[UAS-spi1]; spiSCP2/P[y1], CyO 3 y, w/Y; spiT25, P[hs-GAL4]/
P[y1], CyOExperimental Procedures
· with the presence of P[pGMR-GAL4]:
y, w, P[UAS-spi1]; spiSCP2, P[pGMR-GAL4]/P[y1], CyO 3 y, w/Y;Immunohistochemistry
spiT25, P[hs-GAL4]/P[y1], CyOAn affinity-purified rabbit polyclonal serum was raised against the
· for mosaic expression of the P[UAS-spi1] transgene:N-terminal SPI peptide TPRPNITFPTYKAPET (Zymed Labs). Speci-
y, w, hsFLP122, P[UAS-spi1]; spiSCP2, P[hs-GAL4]/P[y1], CyO 3 y,mens were digested for 10 min in collagenase type VII (Sigma) in PBS
w/Y; spiT25, P[Tub.CD2.GAL4]/P[y1], CyOand fixed for 10 min in 0.2% 1, 4-benzoquinone (Fluka). Subsequent
steps and all other antibody stainings (employing 4% paraformalde-
hyde fixative) were as described by Kunes et al. (1993). Primary Acknowledgments
antibodies were used at the following dilutions: mAbdac1-1 (aDAC,
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